A significant discrepancy exists between the heat flow measured at the seafloor and the higher values predicted by thermal models of the cooling lithosphere. This discrepancy is generally interpreted as indicating that the upper oceanic crust is cooled significantly by hydrothermal circulation. The magnitude of this heat flow discrepancy is the primary datum used to estimate the volume of hydrothermal flow, and the variation in the discrepancy with lithospheric age is the primary constraint on how the hydrothermal flux is divided between near-ridge and off-ridge environments. The resulting estimates are important for investigation of both the thermal structure of the lithosphere and the chemistry of the oceans. We reevaluate the magnitude and age variation of the discrepancy using a global heat flow data set substantially larger than in earlier studies, and the GDH1 (Global Depth and Heat flow) model that better predicts the heat flow. We estimate that of the predicted global oceanic heat flux of 32 x 1012 W, 34% (11 x 1012 W) occurs by hydrothermal flow. Approximately 30% of the hydrothermal heat flux occurs in crust younger than 1 Ma, so the majority of this flux is off-ridge. These hydrothermal heat flux estimates are upper bounds, because heat flow measurements require sediment at the site and so are made preferentially at topographic lows, where heat flow may be depressed. Because the water temperature for the near-ridge flow exceeds that for the off-ridge flow, the near-ridge water flow will be even a smaller fraction of the total water flow. As a result, in estimating fluxes from geochemical data, use of the high water temperatures appropriate for the ridge axis may significantly overestimate the heat flux for an assumed water flux or underestimate the water flux for an assumed heat flux. Our data also permit improved estimates of the "sealing" age, defined as the age where the observed heat flow approximately equals that predicted, suggesting that hydrothermal heat transfer has largely ceased. Although earlier studies suggested major differences in sealing ages for different ocean basins, we find that the sealing ages for the Atlantic, Pacific, and Indian oceans are similar and consistent with the sealing age for the entire data set, 65 + 10 Ma. The previous inference of a young (-20 Ma) sealing age for the Pacific appears to have biased downward several previous estimates of the global hydrothermal flux. The heat flow data also provide indirect evidence for the mechanism by which the hydrothermal heat flux becomes small, which has often been ascribed to isolation of the igneous crust from seawater due to the hydraulic conductivity of the intervening sediment. We find, however, that even the least sedimented sites show the systematic increase of the ratio of observed to predicted heat flow with age, although the more sedimented sites have a younger sealing age. Moreover, the heat flow discrepancy persists at heavily sedimented sites until -50 Ma. It thus appears that -100-200 m of sediment is neither necessary nor sufficient to stop hydrothermal heat transfer. We therefore conclude that the age of the crust is the primary control on the fraction of heat transported by hydrothermal flow and that sediment thickness has a lesser effect. This inference is consistent with models in which hydrothermal flow decreases with age due to reduced crustal porosity and hence permeability.
INTRODUCTION
The thermal evolution of the oceanic lithosphere govems its properties as a function of age and hence the style and nature of plate tectonics. Following the realization that seafloor heat flow is highest at mid-ocean ridges and decreases with distance [Von major stages [Lister, 1982; Fehn and Cathles, 1986] . Near the ridge axis, "active" circulation occurs, during which water cools and cracks the rock, and heat is extracted rapidly by high-temperature water flow [Patterson and Lowell, 1982; Fehn et al., 1983] . Once cracking ceases, "passive" circulation transports lower-temperature water on the ridge flanks.
The discrepancy between the observed and predicted heat flow is the primary constraint on the volume and age distribution of the heat transferred by water flux [Wolery and Sleep, 1976; Sleep and Wolery, 1978; Anderson and Skilbeck, 1981] . Wolery and Sleep [1976] considered other thermal effects, such as chemical reactions between the water and crust, and concluded that they were small enough that the heat flow discrepancy could be treated as essentially all due to water circulation. As a result, the heat flow discrepancy is used to estimate the water flux. This discrepancy (Figure 1 ) can be shown as either a difference or the heat flow fraction, the ratio of the observed to predicted heat flow. The observation that the heat flow discrepancy is largest at the ridges and decreases with age is interpretated as indicating that the hydrothermal water flux decreases with age until a "sealing" age, defined by the observed and predicted heat flow being comparable, by which hydrothermal heat transfer has largely ceased.
These data are used to address two issues: The heat flow data are also crucial to investigating the processes which cause hydrothermal heat flux and thus presumably water flow to decrease with age. The "sealing" age estimated from the heat flow data shows when hydrothermal heat transfer at the seafloor has become minor but offers only indirect information about how this occurs. With hindsight, the term "sealing" age is not ideal for several reasons. First, this age is estimated from heat flow data, given the difficulty in determining water flow directly. Second, the reduction in hydrothermal heat transfer could occur in several ways. The porosity and permeability of the igneous crustal rocks may become too small, due to hydrothermal deposition of minerals, such that the rocks themselves "seal". "Sealing" could also reflect the igneous crust's being capped by thick hydraulically nonconductive sediments which isolate it from the seawater, such that convection could continue at depth but heat transfer at the seafloor would be conductive. Because the sealing age is an average value estimated from heat flow data, some water circulation may persist beyond it, but it does not, in general, transport significant amounts of heat. Analysis of these issues to date has reflected the limitations of both the global heat flow data available and the conductive model against which the measurements were compared to estimate the hydrothermal heat flux. In particular, assessment of the consistency or inconsistency of various estimates of near-ridge and off-ridge hydrothermal heat and water flux is difficult. Similarly, although it has been proposed that the sealing age for hydrothermal circulation varies between ocean basins and primarily reflects the effect of isolation of the crust from seawater by thick sediment, these propositions remain largely untested. Our goal here is to address these issues with the large heat flow data set now available and a model which better predicts the conductive heat flow.
In doing so, it is useful to bear in mind the strengths and limitations of approaches like ours, which use heat flow data averaged over lithosphere of a given age range. Such studies give global average estimates of the hydrothermal flux, which occurs by flow whose details presumably depend on local conditions. This approach has the advantage that the estimates of heat and water fluxes should average the local flow effects at the sites sampled [e.g., Langseth and Herman, 1981] . (They are, however, vulnerable to biases introduced by where sampling is possible, as discussed later.) The corresponding limitation of using averaged heat flow data is that the results say little about the flow at specific sites and the physical conditions giving rise to it. For example, knowledge of the aggregate off-axial flux gives no insight into how the flux is localized (many small sources or a few large ones) and the relevant water temperatures. Similarly, although we can identify the sealing age beyond which little heat is transported by hydrothermal flow, we can make at best indirect inferences about the processes causing this effect.
HEAT FLOW DATA and MODEL
We use a global heat flow data set (Figure 2 ) significantly larger than that available to the earlier studies. We include only good quality experimental data and exclude data from marginal basins, whose thermal evolution may differ from that of larger oceanic plates [Uyeda, 1977] . Several of the individual values were obtained by averaging the results of detailed surveys on crust younger than 6 Ma to avoid biasing the data toward these sites' values. This averaging reduces the 5539 data to 4458.
The data were compared to a new model for the thermal evolution of the lithosphere, GDH1 (Global Depth and Heat flow) . GDH1 (Figure 3) , derived by joint inversion of depth and heat flow data, fits the variations of depth and heat flow with age significantly better than either a half-space model or a plate model with the parameters used by Parsons and Sclater [1977] (PSM). In particular, GDH1 reduces the systematic misfit to the depth and heat flow in older (>70 Ma) lithosphere, where PSM predicts depths deeper and heat flow lower than generally observed. An F ratio test indicates that the improved fit to the data, an 80% misfit reduction, is significant at the 99.9% level. The improvement in fit going from PSM to GDH1 is comparable to that obtained using PSM relative to a half-space model. The depth data used in deriving GDH1 were taken from studies based on the from the NOAA DBDB5 digital bathymetric data set. Although this data set, which is typically used for depth-age studies, has biases due to inadequate sampling, these biases do not appear excessive for depth-age studies in the Pacific [Phipps Morgan and Smith, 1992; Stein and Stein, 1993] .
This improvement in fit results
Because the goal of thermal models is to constrain thermal structure using properties observable at the surface, a useful way to compare models is to examine their predictions for data sets not used to derive the models. GDH1, though derived using data from the North Pacific and northwest Atlantic, fits heat flow and sediment-corrected depth data for the Indian Ocean basin better than PSM whether or not swells and hotspot tracks are excluded [Shoberg et od., 1993] . Similarly, it better fits basement depths for Deep Sea Drilling Project (DSDP) and Ocean Drilling Program (ODP) drill sites [Johnson and Carlson, 1992; Stein and Stein, 1993 ]. An additional independent constraint on the thermal structure comes from geoid slope data across fracture zones (Figure 3c) . As for the depth and heat flow, the geoid slope's deviation from the predictions of a halfspace model provides an estimate of the thermal thickness of the lithosphere [Cazenave, 1984] . Although the data for ages less than about 30 Ma appear to be biased by local effects of the fracture zones, the remaining data are better fit by GDH1 than by PSM. Hence although there is no unique or best solution to the inverse problem of inferring thermal structure and different data sets, uncertainty assignments, and fitting functions yield different results, a wide variety of data favor a thin lithosphere model like GDH1.
The new data and model provide a better basis for estimation of the heat flow anomaly due to hydrothermal circulation. Previous estimates faced the difficulty that the PSM (or the other) thermal models used underpredicted the heat flow data for old ages. The new data have greater areal coverage. Comparison of the data to the GDH1 predictions (Figure 4) We also treat this quantity as the uncertainty in the cumulative hydrothermal heat flux. This assumes that the uncertainty in the hydrothermal heat flux estimate is due to the uncertainty in the observed flux and neglects both uncertainties in the area-age relation and thermal model, and a possible sampling bias. Thus, as discussed shortly, the uncertainty we estimate for the cumulative hydrothermal heat flux is a lower bound. For calculations, we use the area-age values from Sclater et al. [1980] . Because their youngest bin is 0-4 Ma, we add 0-1 and 0-2 Ma bins, assuming that their area is a quarter and a half, respectively, of that of the 0-4 Ma bin. Table 1 We compute (Table 1) 
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Using this expression, we estimate the near-ridge hydrothermal heat flux and associated uncertainty, assuming uncertainties in the area of crust, the thermal model (indicated by melting temperature) and the observations. We use an area estimate midway between the values mentioned previously, the GDH1 melting temperature, and assume uncertainties of 0.3 x 10 6 km 2 in the area and 200øC in melting temperature. These area and melting temperature ranges, and thus the resulting values and uncertainties in hydrothermal heat flux, span the range of values considered earlier (Table 2a) . These values, which include thermal model and area uncertainties, are quite similar to those which incorporated only the uncertainty due to the observations. Table 2b All of our estimates, however, do not include a possible systematic data sampling bias, which is difficult to assess but may be significant. Because heat flow measurements require about 10 m of sediment for the probe to be emplaced, measurements in young lithosphere are made in sediment ponds. Such measurements [Langseth etal., 1992] suggest that water is flowing downward in the sediments, in accord with modeling [Lowell, 1980] indicating that in thinly sedimented regions, water should descend at low points and upwell at high ones. As a result, isotherms would be depressed at low points, giving lower conductive heat flow and raised at higher elevations, giving higher conductive heat flow [Lister, 1972] . The observations are thus biased to lower conductive heat flow, and hence tend to overestimate the discrepancy between the predicted and observed heat flux. As a result, our estimates of the uncertainties are lower bounds, and our estimates of the hydrothermal heat flux are upper bounds.
We thus consider the values in

Comparison With Other Axial Estimates
Comparison of these estimates of hydrothermal heat flux with estimates from other techniques is not straightforward. The primary issue in comparing estimates is the age range over which they treat the heat flux. In particular, much attention has been directed to estimates of axial or near-axial hydrothermal heat loss, both in terms of its effects on the tectonics of the ridge axis and in terms of its geochemical effects.
The literature on this issue is complicated by the fact that terms such as "axial," "near-axial," and "off-axial" are often not defined. This ambiguity may be in part unavoidable in geochemical discussion, because it may be unclear over what age range various rock-water interactions extend. Our study has the advantage that for any age, the predicted and observed heat flow, and hence the hydrothermal heat flux, age can be easily estimated. We thus use "axial" for the interval 0-0.1 Ma, "near-axial" for 0-1 Ma, and "off-axial" for ages greater than 1 Ma. These divisions are, of course, somewhat arbitrary. One commonly cited estimate [Morton and Sleep, 1985 ] is that 10-20% of the total hydrothermal heat loss occurs in the axial region. This value is based on modeling the hydrothermal cooling within 50,000-100,000 years of the ridge axis sufficient to yield a magma chamber at the depths where one is suggested by seismic data. This estimate is consistent with ours. Given the uncertainties in determining the ages of heat flow sites and the position of the ridge axis, it is difficult to reliably estimate the 
SEALING AGE FOR HYDROTHERMAL FLOW
The age at which hydrothermal flow ceases to be significant is important for the thermal evolution of the oceanic crust. In addition, it may be important for the physical evolution of the crest, because the cessation of hydrothermal flow may reflect, at least in part, decreased porosity of the basaltic crust due to hydrothermal deposition of minerals [Jacobson, 1992] Estimation of the sealing age from the heat flow discrepancy depends on both the data available and the thermal model against which they are compared. Using the data set here and the GDH1 model, we find important differences from some of the sealing ages inferred previously. It has been assumed that significant differences exist between the sealing ages for different ocean basins. We estimate the sealing ages and test for differences between oceans by fitting a least squares line to the heat flow fraction in 2-m.y. bins for ages less than 50 Ma (Figures 4 and 7) . The sealing age t• is the age at which the line reaches one. The data are somewhat scattered but are adequate to define lines. By this measure, the sealing ages for the different oceans are comparable, with at most a suggestion that the Atlantic seals at a slightly younger age. We thus regard all three ocean basins as sealing at an age consistent with that of the entire data set (Figure 4) , 65 + 10 Ma. This exercise illustrates the utility and limitations of the sealing age concept. Clearly, there is an age range for which the heat flow fraction increases toward one and beyond which the heat flow fraction is approximately one. The precise transition between these two ranges is not well defined, because the data are scattered and relatively sparse. As a result, the linear fit yields an estimate of the sealing age with considerable uncertainty. Presumably, this uncertainty reflects both the uncertainty in the heat flow measurements and the variation in heat flow for a given age range. One can thus think of the sealing age as an age range beyond which most heat transfer at the seafloor occurs by conduction.
Because the heat flow fraction measures only heat transfer at the seafloor, the observation that it is close to one indicates that the expected heat loss is occurring by conduction at the seafloor. This does not preclude water circulation at depth. In some areas, water flow may maintain the basement rock at a constant temperature, such that conduction through the sediment gives surface heat flow measurements correlated to basement topography [Davis et al., 1989 [Davis et al., , 1992 . The global data set we use does not sedimented sites are classified as "C," rolling hills or rough topography with a thin or variable sediment cover, or "D," sediment ponds next to outcropping basement highs. It has been assumed that heat flow at A sites will be the least affected by hydrothermal circulation, whereas measurements at C or D sites may be significantly affected. We thus examine ( Figure 10 ) the heat flow fraction as a function of age for the sites with different sedimentary environments, and find little difference. There is a slight suggestion of older sealing ages for the assumed-poorer environments. These plots further suggest that the phenomenon of heat flow fraction increasing with age to one does not require significant sedimentary cover.
Additional insight can be obtained by considering the variation of sediment thickness with age at the heat flow sites. Figure  11 shows the median sediment thickness in 2-m.y. bins for the global data. As expected, sediment thickness increases with age. The scatter for a given age is large, because sites in very different settings are averaged. We characterize the average sediment thickness at sites with ages less than the sealing age by fitting a least squares line to the data for 0-50 Ma. The line the heat flow fraction increases with age because of reduced flow in the crust due to decreased crustal porosity and hence permeability. Our results do not, however, show evidence for the idea that thick sediment is the primary control on the heat flow fraction approaching one and by implication the cessation of water flow. Instead, our results suggest that the overlying sediment may reduce, but not eliminate, the effects of water flow. Analysis of samples from drill sites, however, does not show the expected decrease in porosity with age [ 2. Our data show no significant difference in the sealing age for hydrothermal flow between the major ocean basins, in contrast to earlier studies. In particular, we find that hydrothermal heat flow in the Pacific extends to comparable ages as for the other ocean basins and suggest that earlier studies which found hydrothermal heat fluxes significantly lower than those we find were biased by an assumed-younger sealing age.
3. Our data do not support the traditional view that the cessation of hydrothermal flow, as inferred from the equality of observed and predicted heat flow, reflects the isolation of the basaltic crust from the ocean by -200 m of sediment. Comparison of data from sites with different sediment thicknesses indicate that -200 m of sediment is neither necessary nor sufficient to cause the observed heat flow to equal that predicted. It appears, instead, that the fraction of heat transported by hydrothermal flow depends primarily on crustal age and that sediment thickness has a lesser effect. These results are consistent with models in which water flow decreases with age primarily because of reduced crustal porosity and hence permeability.
